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Wing developmentding endogenous RNAs that are implicated in regulating various aspects of plants
and animal development, however their functions in organogenesis are largely unknown. Here we report that
mir-9a belonging to themir-9 family, regulates Drosophilawing development through a functional target site in
the 3′ untranslated region of the Drosophila LIM only protein, dLMO. dLMO is a transcription cofactor, that
directly inhibits the activity of Apterous, the LIM-HD factor required for the proper dorsal identity of the wings.
Deletions of the 3′ untranslated region, including the mir-9a site, generate gain-of-function dLMO mutants
(Beadex) associated with high levels of dLMO mRNA and protein. Beadex mutants lack wing margins, a
phenotype also observed in null mir-9a mutants. We found that mir-9a and dLMO are co-expressed in wing
discs and interact genetically for controlling wing development. Lack of mir-9a results in overexpression of
dLMO, while gain-of-function mir-9a mutant suppresses dLMO expression. These data indicate that a function
of mir-9a is to ensure the appropriate stoichiometry of dLMO during Drosophila wing development. The mir-9a
binding site is conserved in the human counterpart LMO2, the T-cell acute leukemia oncogene, suggesting that
mir-9 might apply a similar strategy to maintain LMO2 expression under a detrimental threshold.
© 2009 Elsevier Inc. All rights reserved.IntroductionThe Drosophila wing results from the development of the largest
imaginal disc, located within the dorsal part of the mesothoracic
segment. During development, it is ﬁrst subdivided into anterior and
posterior compartments and later into dorsal and ventral compart-
ments. The Drosophila LIM-homeodomain protein Apterous (Ap) is
expressed only in the dorsal compartment, where it speciﬁes dorsal
cell fates (Diaz-Benjumea and Cohen, 1993). Ap activates the
expression of Fringe (Irvine and Wieschaus, 1994) and the Notch
ligand Serrate, dorsally (Couso et al., 1995; Diaz-Benjumea and Cohen,
1995; de Celis and Bray, 1997). Fringe glycosylates Notch (Brückner et
al., 2000; Moloney et al., 2000; Munro and Freeman, 2000) and
weakens its afﬁnity with Serrate (Fleming et al., 1997; Johnston et al.,
1997; Panin et al., 1997) so that Notch becomes more receptive to its
ventral ligand Delta at the dorso-ventral (DV) boundary (de Celis et al.,
1996; Doherty et al., 1996). Notch activation leads to the expression of
Wingless and Cut (de Celis and Bray, 1997; Micchelli et al., 1997) and
cells along the DV boundary form the wing margin, connecting
apposed dorsal and ventral cell layers of the wing blade.
The Drosophila ‘LIM-Only’ transcription factor dLMO was isolated
by virtue of its sequence similarity with human LMO genes (Zhu et al.,
1995), which are protooncogenes associated with forms of acute T-cellof Konstanz, Germany.
l rights reserved.leukemia (Nam and Rabbitts, 2006). In wings, dLMO expression is
activated by Ap during the early third instar stage (Milán and Cohen
1999; 2000). Ap activity depends strictly on its cofactor Chip, the
Drosophila Ldb factor (Agulnick et al., 1996; Morcillo et al., 1997;
Fernandez-Funez et al., 1998) and requires the formation of an Ap-
Chip-Chip-Ap tetramer (Milán and Cohen, 1999; van Meyel et al.,
1999). Later in wing development, the level of Ap activity is repressed
by dLMO (Diaz-Benjumea and Cohen, 1995), which competes with Ap
for binding Chip. Beadex (Bx), the gain-of-function mutants of dLMO,
exhibit a dominant loss of wing margin (Milán et al., 1998; Shoresh et
al., 1998; Zeng et al., 1998), that mimics the phenotype of the Ap
hypomorphic mutants. Bx mutations are associated with rearrange-
ments in the 3′ UTR of dLMO and consequently, the gene encodes
more stable truncated mRNAs (Milán et al., 1998; Shoresh et al., 1998;
Zeng et al., 1998; Asmar et al., 2008). It has been shown that the dLMO
3′ UTR contains multiple motifs involved in negative post-transcrip-
tional regulation (Zhu et al., 1995; Shoresh et al., 1998), including Brd-
boxes (Lai and Posakony, 1997; Leviten et al., 1997) and AU-rich
elements (AREs) that affect the stability of dLMO transcripts. In
addition, dLMO was identiﬁed recently as a potential mir-14 target
gene (Bejarano et al., 2008).
Post-transcriptional regulation by miRNAs plays an important role
in controlling the expression of protein-coding genes in plants and
animals during development (Bartel, 2004). miRNAs constitute an
abundant class of 21- to 25-nt non-coding RNAs. The functions of some
miRNAs were established in fundamental biological processes inclu-
ding cell proliferation and speciﬁcation, apoptosis, fat metabolism,
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(Johnson et al., 2005; Pasquinelli et al., 2005; Kloosterman and
Plasterk, 2006). Two distinct mechanisms for miRNA-guided post-
transcriptional gene-regulation are described; ﬁrst, a direct cleavage of
targetmRNAs at a ﬁxed position relative to themiRNA complementary
sequence (Hutvagner and Zamore, 2002). Second, the translation of
the target mRNAs may be inhibited without initiating a sequence-
speciﬁc mRNA degradation. Efﬁciency of target recognition by
miRNAs directly relies on the level of complementarities between
the “core elements”, so-called seeds, of miRNAs and the targeted
mRNA sequences (Lai, 2002; Stark et al., 2003; Brennecke et al.,
2005). Highly conserved K- and Brd-box families of miRNAs were
found to regulate preferentially the Notch signaling pathway in the
Drosophila peripheral nervous system (PNS) and developing wing
(Lai and Posakony, 1997; Lai et al., 2005).
Here, we present a genetic dissection of the dLMO 3′ UTR and
molecular evidences that dLMO 3′ UTR contains a functional site for
mir-9a, a member of the mir-9 family. We generated a new series of
dLMO gain-of-function mutants that disrupt the 3′ UTR. These
mutants, lacking the target site for mir-9a, are characterized by
elevated levels of dLMO mRNA and protein. Loss-of-function mir-9a
mutants result inwingmargin notching (Li et al., 2006) that resembles
the phenotype of Bx mutants. Overexpression of mir-9a in wing discs
results in a curly wing phenotype and in the downregulation of dLMO
protein levels. We demonstrated thatmir-9a genetically interacts with
the dLMO gene and exerts its function via downregulation of dLMO
expression through its 3′ UTR. These ﬁndings provide new evidences
that mir-9a functions to ensure the appropriate level of dLMO
expression during Drosophila wing development.
Materials and methods
Fly strains and genetics
All the ﬂies weremaintained at 22–25 °C on standard medium. The
dLMO-Gal4 strain, hdpms1096 and the ap-lacZ strain, aprK568, are
respectively described in (Milán et al., 1998) and (Cohen et al.,
1992), the UAS-GFP strain was obtained from the Bloomington stock
center. P-element transformation was performed using standard
techniques. Bx mutants were generated by P-induced mutagenesis
using the EY01065 strain and screened directly by severity of the wing
margin phenotype. mir-9a loss-of-function mutant was described in
(Li et al., 2006). Flies with 3 copies of dLMO+ were generated using the
dLMO+ duplication Dp(1;3)fu+10 (Busson et al., 1988), and ﬂies with 4
copies of sens+, using a P[sens+,w+] insert (Nolo et al., 2000).
EvoPrinter analysis
A comparative genomics tool, EvoPrinter (Odenwald et al., 2005;
http://evoprinter.ninds.nih.gov/evopoverview.htm), was used for dis-
covering multispecies conserved mir-9a target site sequences in
orthologous dLMO 3′ UTR from twelve related Drosophila species. The
pairwise alignment was generated by UCSC Genome browser (http://
genome.ucsc.edu/cgi-bin/hgBlat) on D. melanogaster genome (April
2006 Assembly) using multiple BLAT readouts. As a reference DNA
sequence, the 3′ UTR dLMO from FlyBase (chrX:18,464,967-
18,465,778) was used.
Plasmids
miRNA expression constructs includemir-9a hairpin and 300-nt of
ﬂanking genomic sequence at both ends of mir-9a. This sequence was
cloned into pUAST vector (Brand and Perrimon, 1993). To generate an
EGFP sensor, the EGFP ORF was cloned in pCasper4 containing the
armadillo (arm) promoter and the SV40 terminator. Sequence of the
dLMO 3′ UTR from stop codon to the polyadenylation signal wascloned into arm-EGFP. Mutagenesis of mir-9a and dLMO 3′ UTR were
performed using a PCR-based mutagenesis method (Stratagene). For
the luciferase assays, sequences of the dLMO 3′ UTR attached to the
ﬁreﬂy luciferase ORF were cloned into pAc5.1 (INVITROGEN).
Quantitative Reverse Transcriptase PCR (qRT-PCR)
Total RNA from third instar larvaewas extracted using 500 μl of Trizol
(Omega Bio-Tek). cDNA was synthesized using SuperScript II Reverse
Transcriptase (INVITROGEN), according to the manufacture protocol.
2 μgof RNAwereused for each reaction. PCRswereperformedonaRoche
machine using theQuantiTect SYBRGreenPCRkit (Qiagen). Experiments
were done in triplicate from three independentRNAextractions. Primers
to assay dLMO mRNA levels are Frw 5′-CAACAGCAACAGTAAGAGCC-3′
and Rev 5′-CGGGTTCGGTTTTGGTAATG-3′. Measurements were normal-
ized to level of ribosomal protein RNA (rp49, Frw 5′-GCGCACCAAG-
CACTTCATC-3′ and Rev 5′-GACGCACTCTGTTGTCGATACC-3′).
Protein extraction and western blot analysis
For Western blot analysis, in average 3 to 5 independent single
insertions were analysed per construct as homozygotes. Within a
genotype, no individual variations were detected on the level of EGFP
expression. Brieﬂy, third instar larval males were selected andmashed
in lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton
X100, PIC). Total larval protein extracts were cleared by centrifugation
during 10 min at 13,000 rpm. Supernatant was assayed for Western
blotting, according to standard procedures. Following primary anti-
bodies and dilutions were used: mouse monoclonal anti-GFP (1:1000;
made in-house), mouse monoclonal β-tubulin (1:1000; Chemicon).
Goat anti-mouse horseradish peroxidase secondary antibody (Jack-
son) was used at 1:10,000.
Immunostaining and confocal microscopy
Third instar larval wing discs were ﬁxed in 4% formaldehyde in PBS
for 10 min at room temperature. Immunostaining was carried out
according to standard procedures. Following primary antibodies and
dilutionswere used: rat polyclonal anti-dLMO (gift from S. Cohen)was
used at 1:1000, mouse monoclonal anti-Wg antibody (1:250; DSHB),
polyclonal rabbit anti β-gal (1:500; Sigma, Cappel). For ﬂuorescence
staining, secondary antibodies donkey anti-rat, goat anti-mouse
coupled with Cy3 or Alex a488 (Jackson) were used at 1:1000. Images
of the Drosophila imaginal wing discs were taken on a Leica SP2
Microscope at 15–20 focal planes and assembled using an in-house
developed software “tcstk”.
Luciferase assay
Drosophila Schneider (S2) cells were cultured in Schneider cell
medium (Gibco BRL) with 10% fetal calf serum under standard
conditions. Cells were cotransfected in 6-well plates. Following
constructs: pAc5.1-luciferase-SV40, pAc5.1-luciferase dLMO 3′ UTR
wild type and mutant, pUAST containing the wild type mir-9a and
mutant precursors were cotransfected using the Effectene transfection
kit (Qiagen). As a control of transfection efﬁciency, a plasmid pAc5.1-
lacZ (INVITROGEN), expressing β-galactosidase was used. Three
independent transfections were performed. The total protein extract
from 48 h posttransfected S2 cells was assayed as described in the
Luciferase Assay System protocol (Promega).
RNA in situ and ﬂuorescence in situ hybridization
mir-9a hairpin was cloned in pSK(−)Bluescript (Stratagene), the
linearized template DNA was in vitro transcribed by T7 polymerase
and labelled by the Digoxigenin kit (Roche), providing an antisense-
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Hybridization (ISH) and Fluorescence In Situ Hybridization (FISH) and
subsequently detected by anti-Digoxigenin conjugated to alkaline
phosphatase (Roche) and anti-Dig-FITC antibody (Boehringer),
respectively. ISH protocol was adapted from (Tautz and Pfeiﬂe,
1989). FISH and RNA–protein double labelling were performed as
described in (http://www.utoronto.ca/krause). To detect dLMO pro-
tein, an anti-dLMO rat polyclonal antibody was used (gift of S. Cohen),
as a secondary antibody the goat anti rat-Cy3 was used.Fig. 1. Bx gain-of-function alleles lacking 3′ UTR sequences are associated with overexpressio
by grey and white rectangles respectively, genomic sequence is shown by a black line. (B) 3′
rectangle),mir-9a (black rectangle) andmir-79 (grey rectangles) target sites, Brd-boxes (gree
proximal deletion breakpoints within the 3′ UTR of Bx mutants. (C) Cuticle preparations of
magniﬁcation. Categories of Bx alleles were selected according to the severity of their wing p
allele. (D) Quantitative RT-PCR showing relative dLMO expression levels inwild type and Bxm
are indicated by error bars. (E–G) Confocal projection images of third instar imaginal wing d
wing pouch in wild type wing discs (E). Besides in the intermediate BxD113 (G) and strong BResults
Gain-of-function alleles of dLMO are associated with loss of miRNA sites
from the dLMO 3′ UTR
Bx are hypermorphic gain-of-function alleles of dLMO. Bx ﬂies
exhibit scalloping of the wing margins, a dominant phenotype due
to impaired patterning of the wing margin as well as growth
failure (Bejarano et al., 2008). These alleles are associated withn of dLMO. (A) Physical map of the dLMO locus. Coding sequence and UTRs are depicted
UTR of dLMO contains multiple regulatory elements including mir-310, 311, 313 (yellow
n rectangles),mir-263b andmir-309 sites (yellowish rectangle). Black triangles show the
wild type and Bx wings from heterozygous females. All wings are shown at the same
henotypes: BxD128 weak allele; BxD113 middle allele; BxD124 strong allele; BxD110 extreme
utants. rp49 speciﬁc probes were used to normalize ampliﬁcation. Standard deviations
iscs, anterior is to the left and dorsal is to the bottom. dLMO is broadly expressed in the
xD110 (F) alleles, dLMO is overexpressed in the wing pouch and presumptive notum.
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mRNAs and as a consequence, overexpress dLMO proteins (Milán et
al., 1998; Shoresh et al., 1998; Zeng et al., 1998; Asmar et al., 2008).
To investigate the contribution of the 3′ UTR sequence in dLMO
regulation, we have generated a new series of Bx alleles through
imprecise excision of a P-element insertion, EY01065, located
720 bp downstream of the termination of dLMO gene transcriptionFig. 2. mir-9a mediates negative regulation of dLMO. (A) The EvoPrint of multiple DNA s
evolutionally conserved in the 3′ UTRs of dLMO orthologs. Below, a multiple sequence alignm
v.) and D. grimshawi (D.g.). (B) Alignment ofmir-9awith a putative miRNA target site in the 3
seed:target site pairings are highlighted by green squares and the pairing of adjacent nucleot
its mutant derivative, used in transgenic sensor assay. Themutant dLMO 3′UTR (3′ UTR-mut)
to the mir-9a seed. (D–F) Analysis of the EGFP reporter expression under control of the ubi
images of third instar imaginal wing discs. (D) Expression of the arm-EGFP-SV40 transgen
expression. (F) Mutant version of the EGFP reporter bearing the mutant 3′ UTR, results in gen
blot analysis showing levels of the EGFP protein expression in analysed transgenic strains: EG
by anti-GFP antibody (upper panel). For normalization, the blot was probed with a mouse m(Asmar et al., 2008; Fig. 1A). Since EY01065 ﬂies are wild type, we
screened new Bx mutants directly through their dominant wing
phenotypes. We generated about 500 new Bx alleles ranging from
nearly wild type, e.g. BxD128 (Figs. 1B, C), to extremely severe-
BxD110 (Figs. 1B, C). Sequence analysis of these mutants, revealed
that these mutants are associated with deletions in the 3′ UTR of
dLMO (Fig. 1B). Interestingly, we observed a direct correlationequences revealed that the speciﬁcity of D. melanogaster (D.m.) mir-9a target site is
ent of themir-9a target site in the dLMO 3′ UTR fromD. pseudoobscura (D.p.), D. virilis (D.
′ UTR of dLMO and the human (H.s.) counterpart of dLMO, the oncogene LMO2. miRNA
ides is marked. (C) Schematic alignment of themir-9a target site in the dLMO 3′ UTR and
carries a 5-nt deletion from position 2 to 7 in the dLMO sequence that is complementary
quitously expressed arm promoter in generated transgenic strains. Confocal projection
e was used as a control. (E) Wild type dLMO 3′ UTR strongly decreases the reporter
eral elevation of the EGFP reporter expression, compared with control (E). (G) Western
FP-SV40 control (lane 1), EGFP-3′ UTR (lane 2) and EGFP-3′ UTR-mut (lane 3) detected
onoclonal antibody against β-tubulin (low panel).
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phenotypes.
To identify, within the dLMO 3′ UTR, cis-regulatory elements that
play critical roles in the regulation of dLMO, we used the following
tools, Vista (http://genome.lbl.gov/vista/index.shtml), TESS (www.
cbil.upenn.edu) and the computerized sequence comparisons of
miRNA targets (Brennecke et al., 2005; Enright et al., 2003; Lai et al.,
2003). We identiﬁed mir-310, mir-263b, mir-309, mir-9a, mir-9b, mir-
9c,mir-79 target sites in the 3′ UTR of dLMO (Fig. 1B). In addition, four
non-canonical AGTTTTA motifs, homologous to the Brd boxes
(AGCTTTA), were found (Shoresh et al., 1998, Fig. 1B). These sequences
are complementary to the mir-79 and mir-4 seeds (Lai et al., 2005).
Moreover, two putative AU-rich elements (AREs) were described
previously (Zhu et al., 1995; Shoresh et al., 1998). It has been shown
that several RNA binding proteins, as Elav (Hu family), Tristetraprolin
(TTP) and AUF1 are associated speciﬁcally with ARE elements in the 3′
UTR and mediate mRNA decay (Barreau et al., 2006). Besides, in
Drosophila, the ARE sequences represent target sites for miRNAs such
as mir-277, mir-283 or mir-289 (Jing et al., 2005). Using the
EvoPrinter/BLAT tool to analyse multiple sequence alignments, we
found that the distribution of mir-9a (Fig. 2A), mir-79, mir-263b and
mir-309 sites are conserved in Drosophila ortholog species such as D.
pseudoobscura, D. virilis and D. grimshawi that cover several million
years of divergence from D. melanogaster. Interestingly,mir-9a belongs
to a very ancient family of miRNAs, present in both invertebrates and
vertebrates. Mature mir-9a is 100% conserved at the nucleotide level
from ﬂies to humans. Besides, mir-9b and mir-9c, the other members
of themir-9 family, are divergent frommir-9a at their 3′ ends (Fig. 2B)Fig. 3.mir-9a is expressed withinwing discs and regulates the dLMO protein level in vivo. (A
mir-9a probe. No staining was detected in themir-9a null mutant (mir-9aJ22), used as a negat
Attenuation of the EGFP reporter expression in arm-EGFP coupled to two perfect binding
expression (F, G in green) is overlaid with dLMO (E, G in red). (H–J)mir-9a regulates dLMO exp
dLMO is broadly expressed in wild type wing discs. (I) Loss-of-function mir-9a mutant exhi
along the anterior–posterior boundary leads to a suppression of dLMO expression (shown band they are not present in the human genome. Strikingly, a human
counterpart of dLMO, the T-cell acute leukemia oncogene, LMO2,
shares conserved sequences with dLMO in the 3′UTR (Zhu et al., 1995)
and contains a similarmir-9 target site (Fig. 2B). We therefore decided
to investigate the functional requirement of the mir-9a site in vivo.
Though the novel Bx mutants differ in the length of the dLMO 3′
UTR, the differences of phenotype are roughly correlated with the
number of lacking miRNA sites. This suggests that miRNA sites might
have an additive and/or cooperative incidence on dLMO mRNA
stability, conferring robustness to gene expression (Stark et al.,
2005). A deletion of the putative mir-263b and mir-309 sites in
BxD128 ﬂies, has a mild wing phenotype (Figs. 1B, C). The intermediate
BxD113 mutant results from a deletion of the distalmir-79 site plus one
Brd box (Figs. 1B, C). A deletion of the fourth distal Brd box in BxD124
leads to a more severe wing phenotype (Figs. 1B, C). Moreover, a
difference of roughly 40 nucleotides, including themir-9a site, missing
in BxD110 (Figs. 1B, C) but not in BxD124 (Figs. 1B, C), is sufﬁcient to
confer to the former a stronger phenotype. To provide evidence that
the different Bx phenotypes are associated with upregulation of dLMO
expression, we performed qRT-PCR analysis on total RNA extracts
prepared from larvae. We compared four representative alleles,
BxD128, BxD113, BxD124 and BxD110, showing weak to severe phenotypes,
respectively. We found that the levels of dLMO transcripts increase
with strength of the wing phenotype in Bx mutants (Fig. 1D; Shoresh
et al., 1998) and correlate with the loss of putative miRNA sites. dLMO
is broadly expressed in both the pouch and the presumptive notum of
the wing discs (Milán et al., 1998; Shoresh et al., 1998; Zeng et al.,
1998; Asmar et al., 2008). Therefore, we monitored dLMO expression)mir-9a is ubiquitously expressed in wild type larvae as it is shown by ISH using an anti-
ive control (B). (C–J) Confocal projection images of third instar imaginal wing discs. (D)
sites for mir-9a, compared with expression of the arm-EGFP sensor (C). (E–G) mir-9a
ression inwing discs, thewing pouches of wild type andmir-9amutants are shown. (H)
bits elevated levels of dLMO expression. (J) Overexpression of mir-9a through ptc-Gal4
y brackets), ptc pattern is revealed by expression of UAS-GFP (K).
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antibody. We found that the levels of dLMO protein expression in
medium BxD113 (Fig. 1F) and strong BxD110 alleles (Fig. 1G) are higher
than in wild type (Fig. 1E). Moreover, in BxD110, the wing pouch is
severely reduced and the level of dLMO protein is higher than in
BxD113.
The genetic analysis of the Bx alleles strongly suggests that the
mir-9a target site might be functional in the dLMO 3′ UTR. In order
to validate the requirement of this site on the regulation of dLMO in
vivo, we generated a construct expressing an EGFP reporter coupled to
the 3′ UTR of dLMO under the control of the ubiquitously expressed
armadillo (arm) promoter. Transgenic animals carrying the EGFP
sensor, display strong downregulation of the reporter expression (Fig.
2E) compared to the control, the arm-EGFP-SV40 reporter (Fig. 2D).
Then we generated a mutant construct carrying a dLMO 3′ UTR EGFP
sensor lacking 5 nt in the target sequence complementary to themir-9
seed (Fig. 2C). Analysis of transgenic ﬂies expressing the mutant EGFP
sensor showed that this deletion results in a slight but sensitive loss of
the generalized attenuation of the EGFP reporter (Fig. 2F). Next, we
evaluated the levels of the EGFP reporter expression in the transgenic
strains described above. We performed a Western blot analysis on
total protein extracts prepared from third instar homozygous larvae
(Fig. 2G), using an anti-GFP monoclonal antibody. We found that the
EGFP level is signiﬁcantly decreased in the dLMO 3′ UTR reporter
compared with the control, the EGFP-SV40 (Fig. 2G, lane 2 and 1,
respectively). Moreover, in the dLMO 3′ UTR-mut reporter (Fig. 2G,
lane 3), the level of EGFP was increased, with regard to the wild typeFig. 4. dLMO exhibits genetic interactions withmir-9a. (A–S) Adult wing blade preparations. (
mir-9a null mutant lacks anterior and posterior wing margins. (C)mir-9awing phenotype is
has no effect on wing development. However, in combination with gain-of-function dLMO
margin notching phenotype of Bx mutants, compared with BxD128 (H) and BxD124 (L). Over
affecting wing margin shape (G), while control ﬂies, dLMO-Gal4N+, exhibit a wild type w
completely suppresses the wing margin phenotype, observed in BxD128/dLMO-Gal4 (J). N
phenotypes (compare J and H, N and L, respectively). Moreover, in BxD124/dLMONmir-9a ﬂies
BxD110 allele that lacks the mir-9a site was used. Overexpression of mir-9a does not modify
(R, S) The dosage of dLMO, rather than that of Sens, is critical for the Drosophilawing develop
Sens exhibit normal wings (S) like in wild type (D).dLMO 3′ UTR. Therefore, we concluded that themir-9a site is required
for negative regulation of dLMO through its 3′ UTR.
mir-9a and dLMO are co-expressed in the wing discs
To provide direct evidence that mir-9a plays a role in wing
development, we examined the spatial localization of mir-9a in the
wing discs. In Situ Hybridization (ISH) analysis, using an antisense-
digoxigenin-labelled mir-9a probe, showed that mir-9a is broadly
expressed in wing discs (Fig. 3A), in agreement with previous
published data (Li et al., 2006). In addition, we analysed the
endogenous pattern of mir-9a expression in wing discs using the
ubiquitously expressed arm-EGFP sensor coupled with two perfect
target sites for mir-9a (Fig. 3D). This system relies on the ability of
miRNAs to negatively regulate their targets by RNAi (Brennecke et al.,
2003), and it reﬂects the expression of mir-9a as a negative pattern.
We found that the expression of the EGFP reporter was ubiquitously
downregulated compared with the control, arm-EGFP-SV40 (Fig. 3C),
revealing a pervasive pattern of mir-9a expression.
Next, we analysed the co-expression of dLMO and mir-9a in wing
discs. To detect the pattern of mir-9a, we performed Fluorescent In
Situ Hybridization (FISH) using the above-described probe combined
with immunolocalization of dLMO using a rat polyclonal anti-dLMO
antibody. We found that mir-9a expression is broadly overlaid with
dLMO in the wing discs (Figs. 3E–G), including the wing pouch. Then
we monitored variations of the dLMO protein levels in wing discs of
the mir-9a gain and loss-of-function mutants by confocal microscopy.A) dLMO null allele hdpn60, exhibits a normal wing phenotype like wild type ﬂies (D). (B)
rescued when dLMO, themir-9a target gene, is lacking. (E) Removing one copy ofmir-9a
mutants, BxD128 (I) and BxD124 (M) the removal of one mir-9a copy enhances the wing
expression of mir-9a using dLMO-Gal4 results in a curly-like wing phenotype without
ing shape (F). In the combination BxD128/dLMONmir-9a (K), overexpression of mir-9a
ote that the hypomorph dLMO-Gal4 (hdpms1096) partially suppresses hypermorph Bx
(O) only partial suppression occurs, compared with BxD124/dLMO-Gal4 (N). As control,
the mutant phenotype of BxD110 (Q), compared with the BxD110/dLMO-Gal4 control (P).
ment. Three copies of dLMO inducewingmargin notching (R). By contrast, four copies of
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higher (Fig. 3I), compared with wild type dLMO expression (Fig. 3H).
Conversely, overexpression of mir-9a by patched (ptc)-Gal4, that
drives expression of mir-9a in a stripe along the anterior–posterior
compartment boundary in the wing pouch (Fig. 3J), reduces the level
of dLMO expression according to this pattern (Fig. 3K).
mir-9a exhibits genetic interaction with dLMO
Since mir-9a null and Bx mutants share similar notched wing
margin phenotypes, we explored genetic interactions betweenmir-9a
and dLMO. Should dLMO gene be a target for mir-9a, the mir-9a loss-
of-function phenotype is likely to reﬂect the phenotype of over-
expressed dLMO. Therefore, the mir-9a− wing phenotype could be
suppressed when dLMO is removed. dLMO null ﬂies (hdpn60) have
erected wings with an almost wild type shape (Fig. 4A, Asmar et al.,
2008), compared with wild type (Fig. 4D). We combined hdpn60with aFig. 5. Luciferase assay demonstrating suppression bymir-9a through the dLMO 3′ UTR. (A) Sc
by a black rectangle. (B) A sequence alignment of wild type and mutant 3′ UTR of dLMO car
sequence recognized by themir-9a seed. (C) The predicted stem–loop structure of themir-9a
assay. Maturemir-9a is highlighted in bold and underlined nt indicate the mutated nucleotide
luciferase reporter coupled with wt andmut dLMO 3′ UTR. The relative repression of the ﬁreﬂ
Standard deviations are indicated by error bars. (E) A model for the role of mir-9a in the reg
selector Ap, depends strictly on its cofactor Chip, and requires the formation of an Ap-Chip-
with Ap for binding Chip. Level of dLMO is regulated by mir-9a, that ﬁne tunes the dLMO amir-9a null, mir-9aJ22 (Li et al., 2006). We observed that the mir-9a−
wing margin phenotype is completely rescued in hdpn60/Y; mir-9aJ22
(Fig. 4C), compared with mir-9aJ22 (Fig. 4B). These data are consistent
with the hypothesis that the mir-9a null phenotype is a consequence
of dLMO overexpression.
Then, we analysed the effect of the mir-9a dosage on the wing
margin formation in gain-of-function Bx mutants, BxD128 and BxD124,
that bear an intact mir-9a site. Flies carrying one copy of mir-9a (mir-
9aJ22/+) have a wild type wing margin phenotype (Fig. 4E). The
removal of one copy of mir-9a in BxD128/Y (Fig. 4I) and BxD124/Y (Fig.
4M), enhances the wing margin phenotype, compared with the Bx
controls (Figs. 4H and L, respectively).
Reciprocally, we analysed the wing variations in gain of mir-9a
function mutants in combination with the above-described Bx
mutants, BxD128 and BxD124. We activated expression of mir-9a in the
wing pouch using hdpms1096 (Fig. 1A), a dLMO-Gal4 driver that
reproduces faithfully the pattern of dLMO expression. Overexpressionhematic representation of the luciferase-dLMO 3′UTR reporter. Themir-9a site is shown
rying point mutations at the second and third position (AGAAACC-NACTAACC) of dLMO
precursor. Wild type (wt) and mutant (mut) precursors ofmir-9a tested in the luciferase
s. (D) Transcriptional assay in S2 cells, shows a downregulation bymir-9a of the pAc5.1-
y luciferase expression bymiRNAs was standardized to a transfection control, the β-Gal.
ulation of wing development. During early third instar stage, the activity of the dorsal
Chip-Ap tetramer. Later, Ap induces expression of its repressor dLMO, which competes
ctivity during the Drosophila wing development.
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produces held-up curled wings, a phenotype also observed for loss-of-
function dLMO alleles (Milán et al., 1998; Asmar et al., 2008). In the
BxD128/dLMONmir-9a combination (Fig. 4K), the wing defects of BxD128
were completely suppressed (Fig. 4J). The more severe BxD124 allele
(Fig. 4N), that lacks almost all the dLMO 3′ UTR but still retains the
mir-9a site, is partially suppressed when mir-9a is overexpressed
(Fig. 4O). Finally, the phenotype of the most extreme BxD110, lacking
the mir-9a target site, is not sensitive to mir-9a overexpression (Fig.
4Q), compared with BxD110/dLMO-Gal4 control (Fig. 4P). Therefore,
these data strongly suggest that dLMO genetically interacts with mir-
9a, and mir-9a behaves as a negative regulator of dLMO expression
during Drosophila wing development.
Li et al. suggested that the mir-9a− wing defects result from the
upregulation of the zinc ﬁnger transcription factor Senseless (Sens) (Li
et al., 2006). We demonstrated that ﬂies with three copies of dLMO+
have a slight gap in the posterior wing margin (Fig. 4R), whereas
animals with three or four copies of sens+ exhibit a wild type
phenotype (Fig. 4S). While both dLMO (Bx) and sens (Lyra) gain-of-
function alleles lead to loss of wing margins, strong Bx mutants
overexpress roughly four-fold the normal level of dLMO transcript
(Fig. 1D), whereas sens has to be ectopically overexpressed in a broad
area of the wing pouch and beyond (Nolo et al., 2001) to reach an
equivalent phenotype. Therefore, we concluded that wing develop-
ment is more sensitive to the dosage of dLMO than to that of sens.
mir-9a directly suppresses dLMO expression through its 3′ UTR
To test whether mir-9a suppresses dLMO expression directly
through its 3′ UTR, we performed a luciferase assay. Drosophila
Schneider (S2) cells were cotransfected with a wild type mir-9a
precursor and a luciferase reporter coupled to the 3′ UTR of dLMO
(Figs. 5A, B). As control a luciferase reporter carrying the SV40
terminator was used. Transfection of a luciferase reporter coupled
with the dLMO 3′ UTR decreases the luciferase activity in 2 fold
compared with luciferase-SV40 (Fig. 5D). In the presence of mir-9a,
the relative luciferase activity was in 2.5 fold lower, than in cells
expressing the luciferase-dLMO 3′ UTR alone (Fig. 5D). A mutant 3′
UTR of dLMO carrying point mutations at the second and third
positions of the mir-9a target sequence (AGAAACC-NACTAACC) that is
complementary to themir-9a seed (Fig. 5B) showed an increase of the
luciferase activity in 2.7 folds. The level of luciferase activity in
presence of luciferase-dLMO 3′ UTR reporter is lower than in presence
of luciferase-dLMO 3′UTR-mut, that might result from downregulation
of the former by endogenous mir-9. Another mutant construct,
containing CUUUG-NGAAAC substitutions in the seed of the mir-9a
precursor, was generated as an additional control (Fig. 5C). This
mutant construct failed to suppress the luciferase-dLMO 3′ UTR
expression (Fig. 5D). Therefore, these ﬁndings provide evidence that
mir-9a can directly regulate dLMO expression through its 3′ UTR.
Discussion
Drosophila mir-9a controls wing development via downregulation of
dLMO expression in wing discs
The dorsoventral (DV) axis of wings is speciﬁed, at the second-
instar larval stage, by the activity of Apterous (Ap) in the presumptive
dorsal cells of the wing primordium (Diaz-Benjumea and Cohen,
1993). Ap induces Fringe and Serratewithin thewhole dorsal territory.
Fringe, a crucial effector of the Notch receptor, leads to a differential
afﬁnity between the ligands Delta and Serrate (Milán and Cohen,
2000). Thus, Notch activity is restricted to the DV boundary, where
intense signaling by Notch leads to expression of Wingless (Wg).
Levels of Ap and the subsequent Ap-dependent expression of Serrate
and Fringe are regulated by Chip (the Drosophila Ldb factor) and dLMOduring second and early third-instar stages. Ap activity depends
strictly on its cofactor Chip (Agulnick et al., 1996; Morcillo et al., 1997;
Fernandez-Funez et al., 1998) and requires the formation of an Ap-
Chip-Chip-Ap tetramer (Milán and Cohen, 1999; van Meyel et al.,
1999). Ap induces expression of its repressor dLMO, which competes
with Ap for binding Chip. As a consequence, within the dorsal domain,
dLMO downregulates Ap and limits levels of Serrate and Fringe (Milán
and Cohen, 2000), that are critical for wing cell survival. In the
analysed Bx mutants, we observed that Ap expression is strongly
misregulated (Suppl. ﬁle). In addition, we found no proper DV
boundary formation in the wing pouch. Wg is expressed along the
DV boundary in wing pouch, where it acts locally to induce nearby
cells to adopt a wing margin identity. We found, that Wg expression is
severely affected in the analysed Bx mutants (Suppl. ﬁle). The dLMO-
dependent repression of Serrate and Fringe in early third-instar, is
necessary to allow secondary Delta and Serrate expression domains in
an Ap-independent mode of regulation (Milán and Cohen, 2000). This
Ap-independent induction of Serrate maintains Wg and Cut expres-
sion in a Notch-dependent positive feed back loop (Milán and Cohen,
2000; Milán and Cohen, 2003). However, since Ap activity continues
to be required for dorsal cell fate speciﬁcation, it is important to limit
Ap downregulation by dLMO (Milán and Cohen, 2000). We suggest
that mir-9a could have a critical role in this process (Fig. 5E).
The stoichiometry of dLMO is relevant for proper wing develop-
ment. We analysed here a series of new Beadex (Bx), the gain-of-
function alleles of dLMO that are associatedwith lack ofmiRNA sites in
the 3′ UTR. Among several putative candidates, we focused our
investigation on the function of a very ancient miRNA mir-9a, that is
conserved from Drosophila to human. We demonstrated that dLMO is
a mir-9a target gene that is involved in the control of the Drosophila
wing development. Both loss and gain-of-function mir-9a mutants
exhibit wing margin defects. Analysis of dLMO expression in loss-of-
function mir-9a mutants revealed increased levels of dLMO in the
wing discs. Reciprocally, in mir-9a gain-of-function mutants, a
reduced expression of dLMO was detected. We observed strong
genetic interactions between dLMO and mir-9a during wing develop-
ment. Loss of wing margin of mir-9a null ﬂies is fully rescued by
removing its target gene, dLMO. Moreover, the wing margin defects in
gain-of-function Bxmutants can be rescued by overexpression ofmir-
9a. These data provide evidence that dLMO is the main target gene of
mir-9a for wing development. Loss of wing margin phenotype of mir-
9a null ﬂies has been previously attributed to an excess of anothermir-
9a target gene, senseless (sens) (Li et al., 2006). However, we showed
that the wing shape is less sensitive to the dosage of Sens than to the
dosage of dLMO. Flies carrying two extra copies of sens+ do not have a
modiﬁed wing shape, whereas a ﬂy carrying only one extra copy of
dLMO+, shows a gap in the posterior wing margin, a phenotype
observed in weak Bx mutants. According to our current estimation, a
medium to strong Bx mutant, overexpresses 2- to 4-fold the normal
level of dLMO transcripts. Loss of wing margin in mir-9a null mutants
is more likely a consequence of the overexpression of dLMO or a
synergism between overexpressed dLMO and Sens. Besides, we found
no genetic interaction between dLMO and Sens during wing
development (Suppl. ﬁle). In this context, we suggest that mir-9a
might maintain the required threshold of dLMO protein levels that are
critical for wing cell survival and ﬁne tune the appropriate level of Ap
(Fig. 5E).
mir-9awas recently described to restrict the generation of sensory
organs by downregulating Sens expressionwithin the proneural ﬁelds
and assuming the robustness of the Notch lateral signaling (Li et al.,
2006). Interestingly, dLMO behaves as an early proneural activator in
the thorax (Asmar et al., 2008). dLMO is expressed within the
proneural clusters, and later after the SOP selection, it is excluded from
the mature neurons, like mir-9a. Thus, when dLMO is downregulated
by mir-9a, its proneural activity no longer interferes with the Notch
lateral signaling that represses proneural fate within the same cells.
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represent further level of complexity for gene regulation that
contributes to sensory organ development.
Diverse miRNAs sites in the dLMO 3′ UTRmight regulate distinct activities
of dLMO
dLMO plays an important role in multiple biological processes in
Drosophila. The gene encodes two functional isoforms dLMO-PA and
dLMO-PB that are differentially expressed during development
(Asmar et al., 2008). We previously demonstrated that the major
isoform, dLMO-PA participates with Chip in the assembly of a
proneural transcriptional complex that includes the GATA factor
Pannier and the bHLHs Ac/Sc and Daughterless (Da). Therefore, dLMO
acts as an early coactivator of the proneural genes ac/sc (Asmar et al.,
2008). dLMO mutants have consistent pleiotropic phenotypes, for
instance, amorphic dLMO mutants show a hypoplasia of neurons.
Loss-of-function dLMOmutants exhibit strong locomotion defects and
changes in cocaine responsiveness, hence dLMO function is required
for circadian pacemaker neurons in the brain (Tsai et al., 2004). For
these aspects of neurogenesis and neurological responsiveness, the
gain-of-function Bx mutants show opposite phenotypes with regards
to the loss-of-function ones (Asmar et al., 2008; Tsai et al., 2004). Since
Bx alleles encode more stable truncated mRNAs (Milán et al., 1998;
Shoresh et al., 1998; Zeng et al., 1998; Asmar et al., 2008), the
stoichiometry of dLMO might be relevant for diverse dLMO functions.
dLMO 3′ UTR contains multiple motifs involved in negative post-
transcriptional regulation (Zhu et al., 1995; Shoresh et al., 1998),
including Brd-boxes (Lai and Posakony, 1997; Leviten et al., 1997), AU-
rich elements (AREs) and miRNA sites (this study). Interestingly, the
non-canonical Brd boxes in the dLMO 3′ UTR (Shoresh et al., 1998)
carry the same wobble at position 6 in the seed, that might decrease a
tuning efﬁciency by Brd box related miRNAs, mir-79 and mir-4 (Lai et
al., 2005). Both ARE-binding proteins and speciﬁc miRNAs can bind
the AREs sequences, modulating the translational regulation of the
transcripts (Jing et al., 2005; Barreau et al., 2006). The diversity of
miRNA sitesmight reﬂect speciﬁcities, redundancies and cooperations
with the mir-9a site for adjusting dLMO transcripts under a
detrimental level in regulating both neurogenesis and wing develop-
ment, or controlling other functions of dLMO. For instance, dLMO was
identiﬁed recently as a potential mir-14 target gene (Bejarano et al.,
2008). Although mir-14 is expressed during larval stages (Grün et al.,
2005), loss ofmir-14 did not show any overt wing phenotype nor did it
enhance the wing margin defects of Bx1/+ wings (Bejarano et al.,
2008). Therefore, mir-14 might directly regulate the dLMO protein
levels that are required in other developmental contexts in which
dLMO activity is involved (Tsai et al., 2004; Asmar et al., 2008).
Conserved function of LMO2, the human counterpart of dLMO, during
development
The mammalian homolog of dLMO, LMO2, is expressed in the
mesenchymeof the developingmouse limbbud, suggesting a conserved
function of LMO2 between insects and mammals (Zeng et al., 1998).
Lmx-1, a LIM-HD protein like Ap, is expressed in themesenchyme of the
dorsal limbbudduringdevelopment (Riddle et al.,1995). Loss of Lmx-1b
function causes a biventral phenotype, implicating Lmx-1b as a primary
dorsalizing activity in the mouse limb (Chen et al., 1998). Like dLMO,
LMO2 is expressed in both the dorsal and ventral compartments during
limb patterning. Lhx-2, the mammalian ortholog of Ap, is able to rescue
apmutant phenotypes as efﬁciently as the ﬂy Ap protein (Rincón-Limas
et al., 1999). LMO2 or other LMO proteins could interact with Lmx-1 or
Lhx-2, in a manner similar to the proposed interaction between Ap and
dLMO in Drosophila wings. LMO2 is also expressed at the somite
boundaries (Zeng et al., 1998). Many genes required for formation of
the D–V boundary in the developing limb, such as members of thefringe,Wnt, and Notch gene families, also play an important role during
somitogenesis. The presence of LMO2 RNA at the somite boundaries
might indicate a conserved role of LMO gene family members in the
context of boundary formation, including the limb bud, somite, and
insect wing disc.
LMO2 is known as a master regulator of haematopoiesis in mouse
and human (Nam and Rabbitts, 2006). Its stoichiometry is critical for
proper T-cell differentiation during early haematopoiesis. LMO2 is
activated via chromosomal translocation in T-cell acute leukemia (T-
ALL) (Ferrando et al., 2004). In Drosophila neurogenesis, dLMO is a
member of a transcriptional complex (Ramain et al., 2000; Asmar et
al., 2008) similar to the one that controls Tal-1 expression during
human haematopoiesis (Wadman et al., 1997). Interestingly, the
human LMO2 3′ UTR contains multiple miRNA target sites, including
hsa-mir-9 and hsa-mir-9⁎, that are orthologs of the Drosophila dme-
mir-9a and dme-mir-79, respectively. Furthermore, hsa-mir-9 is
expressed within the mammalian haematopoietic system (Monticelli
et al., 2005). In human, the enforced expression of LMO2 in a
signiﬁcant fraction of T-ALL results from loss of the upstream
transcriptional mechanisms that normally downregulate the expres-
sion of this oncogene during T-cell development. Therefore, we
suggest that a similar mechanism of LMO2 regulation by mir-9 may
operate during normal human haematopoiesis and can be disrupted in
pathological conditions, like T-cell acute leukemias and large B-cell
non-Hodgkin's lymphomas.
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